Abstract: This study investigates and experimentally demonstrates a novel polarization scrambling method to solve the polarization dependence of remote electro-optic modulation in the fiber-based distributed antenna system. Theoretically, if the polarization state of a monochromatic light is scrambled at a particular depth, the direct current component of the photocurrent would be independent of the polarization perturbation from the fiber link. A proof of concept experiment is performed in which a 500-MHz simulated polarization perturbation from the fiber is successfully suppressed by more than 40 dB. We then apply the proposed scrambling method to a 5-km remote electro-optic modulation fiber link and significantly reduce polarization-dependent intensity fluctuation from 42 to 0.6 dB. Furthermore, we evaluate the proposed scrambling method for remote photonic radio-frequency (RF) mixing, where the fluctuation of the converted signal is stabilized within 0.9 dB.
Introduction
Remote electro-optic modulation is frequently employed in the optical fiber-based distributed antenna system (DAS), where multiple remote stations share a single light source from the central station [1] . It is also required in the application of remote photonic radio-frequency (RF) mixing, where the RF signal and local oscillator (LO) are distant [2] . Remote electro-optic modulation, however, suffers from polarization dependency. When a lightwave propagates in optical fiber, its state of polarization (SOP) will constantly and randomly change with both time and distance because of fiber residual birefringence or strain. Polarization variation is then transformed into intensity fluctuation in polarization-sensitive devices, thus causing large relative intensity noise (RIN) and eventually degrading signal quality [3] . Commercial lithium-niobate-based electro-optic modulators are more susceptible to the polarization effect given that the crystal has both polarization-dependent losses and polarization-dependent electro-optic coefficients along the TE and TM axes [4] . This issue complicates the implementation of remote electro-optic modulation. Various methods have been proposed to overcome polarization variation, such as polarization tracking [5] , [6] , polarization diversity [2] , [7] - [9] , nonlinear polarization pulling [3] , [10] - [12] , and polarization scrambling [13] - [16] . Polarization tracking can completely align the input SOP to the maximum output direction of polarization-dependent devices. However, analog-to-digital converter (ADC)-based optoelectronic feedback circuits limit tracking speed within ∼100 krad/s [6] . Polarization diversity schemes commonly use two sets of modulators or receivers. Although only one modulator is used in [7] and [8] , the modulator should be precisely located at the midpoint of a special loop mirror; otherwise, nulls will occur on the frequency response. The nonlinear polarization pulling technique controls the SOP through stimulated Brillouin scattering [10] , stimulated Raman scattering [11] , or counterpropagating four-wave mixing effects [3] , [12] . Most of these nonlinear schemes, however, require an additional pump beam or operate at high power levels. The polarization scrambler, which operates quickly and is easily implemented, is used to perform temporal polarization diversity [13] - [16] . More importantly, the scrambling method is highly suitable for DAS applications because it can also be shared at the central station as the light source.
Here, we present a polarization modulator (PolM)-based scrambling method that is more efficient than those previously reported [13] - [16] and is considerably faster than commercial devices. Our proposed PolM-based scrambling method requires significantly lower driving voltage that is only half of that in [14] , and operates at a speed as fast as 40 GHz [17] . Theoretically, when a linear-polarized monochromatic light is scrambled by a sinusoidal signal at a particular depth, the DC component of the output is independent of any polarization perturbation from the fiber link. We experimentally test the perturbation suppression ability of the PolM-based scrambler and acquire the optimal scrambling depth at which the scrambler maximally suppresses polarization perturbation. The scrambling depth here refers to how much the polarization state of the light has been scrambled. Then, we compare the proposed PolM-based scrambler with a commercial polarization tracker. Finally, we implement the PolM-based scrambler for remote electro-optic modulation and photonic RF mixing. All experimental results show excellent polarization insensitivity.
Operation Principle and Theoretical Analysis
The PolM-based polarization scrambling can be modeled as a fiber link shown in Fig. 1 . In the link, a monochromatic light from a laser diode (LD) sequentially passes through a PolM-based polarization scrambler, a random birefringent link and a polarizer (Pol). Then, the light is converted to the electrical domain by a photodetector (PD).
In the PolM-based polarization scrambler, the SOP of input light is aligned at 45 degrees to one principal axis of the PolM. A sinusoidal signal with frequency of f scr is applied to the PolM to provide polarization scrambling. Under this configuration, two complementary phase-modulated signals along two orthogonal principal axes are generated [17] . The optical fields can be expressed as
where A and ω 0 are the amplitude and angular frequency of the input light, respectively; m is the phase modulation index or modulation depth πV s /V π ; V s and ω s are the amplitude and angular frequency of the scrambling signal, respectively; V π is the half-wave voltage of the PolM; and δ is the static phase difference between the two optical fields. The unit vectorsê x andê y indicate the directions of the orthogonal optical fields. When the light passes through the random birefringent link and a polarizer that is oriented at an arbitrary angle, the output optical field can be written as
where L is the optical power loss; α is the angle between the axis of the polarizer and one polarization direction of the two orthogonal optical fields when they arrive at the polarizer; θ is the accumulated polarization-induced phase shift between the two orthogonal optical fields; and θ = nω s (β 1x − β 1y )z. β 1x , β 1y and z represent the group velocity parameters along two orthogonal axes and length of the birefringent link, respectively. Furthermore, as this optical signal is detected by an ideal PD with responsivity , the detected current can be calculated based on the square law and expressed as
The DC component of the above expression is
where J 0 (·) is 0th order of the Bessel function of the first kind. Note that if we tune the driving voltage to let
(e.g., m = 1.202, 2.76, · · · ), the DC component will be reduced to
We can see from (6) that the DC component finally becomes constant and independent of polarization perturbation at particular modulation depth (m = 1.202, 2.76, · · · ). Furthermore, if an RF signal (f RF ) is attached to this polarization-independent DC component, it will become polarizationinsensitive. This makes the proposed method very helpful in applications that employ remote electro-optic modulation and remote RF mixing structure. Moreover, the modulation depth here is only half of that in [14] , which indicates that PolM-based polarization scrambling requires considerably lower driving voltage. One issue of the polarization scrambling method is that it gives rise to a coefficient 1/2 in (6), which indicates there will be an additional power penalty of 6 dB.
Experimental Setup and Results

Test of Polarization Perturbation Suppression and Comparison With Polarization Tracker
In an initial experiment with the setup shown in Fig. 2(a) , we test the ability of the PolM-based scrambler to suppress polarization perturbation. In the polarization scrambling section of the setup, a continuous wave (CW) light (6 dBm, 1550 nm) from a laser diode is polarization-modulated by a 20 GHz sinusoidal wave f scr to perform high speed polarization scrambling. The PolM is provided by Versawave with a built-in 45-degree polarizer in front of the LiNbO3 crystal and a half-wave voltage on the order of 5 V [17] . Then, in the perturbation section, polarization perturbation is introduced by a second PolM that is driven by a 500-MHz sinusoidal wave f p ert . The 500-MHz frequency is high enough to cover most kinds of environmental perturbation. The polarization controllers (PC) before and after the second PolM are used to maximize the perturbation output. At the receiver side, a polarizing beam splitter (PBS) with a polarization extinction ratio of more than 35 dB works as a Fig. 2 . Experimental setup to examine the polarization perturbation suppression ability of (a) the PolM-based scrambling scheme and (b) the commercial polarization tracker. polarizer prior to the PD. After photodetection, the received signal is analyzed with an RF spectrum analyzer (SA).
For comparison, we check the tracking speed of a commercial polarization tracker (General Photonics POS-002) in a second experiment. As shown in the setup in Fig. 2(b) , polarization perturbation is introduced by the same PolM used in the initial experiment. The PolM is driven by a low frequency (0 ∼ 480 Hz) sinusoidal wave with 15 dBm power. After perturbation, polarization tracking is performed with a feedback circuit that consists of a POS-002 tracker, a polarizer, and a PD. After photodetection, the output is analyzed with an RF SA.
Equation (5) indicates that polarization-dependent variables can be mostly suppressed as the modulation index reaches the zero point of 0th order of the Bessel function of the first kind. To identify this point, we scan the power of the scrambling signal in the setup of Fig. 2(a) and record the suppression of output perturbation frequency. As plotted in Fig. 3(a) , as the scrambling power increases from 0 dBm to 25 dBm, the minimum of the output fundamental perturbation is found at 22.3 dBm, which represents the optimal scrambling power. It also indicates that we have attained the zero point that satisfies (5) . At this point, polarization perturbation is mostly suppressed by 65 dB. Meanwhile, its second-order harmonic is also greatly suppressed by 40 dB. We can also theoretically deduce the optimal scrambling power with the V π value of the PolM through πV s /V π = 1.202.
For the setup in Fig. 2(b) , it can be expected that when the perturbation speed is slower than the tracking speed, all polarization perturbation will be compensated, and there will be no perturbation related frequency component at the output. When the perturbation speed is beyond the tracking speed, the tracker will be unable to track all the perturbation. As the perturbation speed gets higher, the tracker compensates less part of the perturbation. The uncompensated perturbation will rise up as frequency components on the output spectra. These frequency components can be used to evaluate the tracking ability. Since the POS-002 in Fig. 2(b) always adjusts the SOP of the light to maximally pass through the polarizer even under the high perturbation speed, the setup can be equivalent to an intensity modulator that is biased at the maximum transmission point (MATP) [18] . As we know, the intensity modulator that is biased at MATP only outputs DC and even order components. Therefore, the POS-002's tracking ability can be evaluated by measuring second-order harmonic of the perturbation signal at the output. The output power versus perturbation frequency is presented in Fig. 3(b) . As shown in the figure, POS-002 begins to lose track of the input SOP at a perturbation frequency of 90 Hz. The suppression ratio of polarization perturbation deteriorates by 38 dB above 480 Hz. This low tracking speed can be attributed to the low response time and narrow bandwidth of the feedback circuits. In addition, the POS-002 also raises the noise floor for more than 30 dB, as shown in Fig. 3(b) .
Therefore, the operation speed and perturbation suppression performance of the PolM-based polarization scrambler is far superior than those of the polarization tracker. Moreover, the highspeed scrambling frequency provides a clean spectrum at low-frequency band and introduces limited noise.
Remote Electro-Optic Modulation With and Without PolM-Based Scrambling
We implement the PolM-based scrambler into the remote electro-optic modulation to fetch an RF signal at the remote site. As shown in Fig. 4(a) , the PolM-based scrambler is placed at the local site. In accordance with the results from previous section, the scrambler is set to work under the optimal scrambling power (22.3 dBm for 20 GHz scrambling). Given that the 5-km coiled single mode fiber (SMF) can barely generate an obvious depolarization effect in laboratory environment, random birefringence is introduced by an advanced polarization controller (APC, Agilent 11896A). The APC manually or automatically changes the SOP by randomly scanning all SOP across the Poincare sphere. At the remote site, the remote RF signal (0 dBm, 1 GHz) is electro-optically modulated onto the light through a Mach-Zehnder modulator (MZM) and transferred back to the local site via another 5-km SMF. The signal is then converted to the electrical domain and analyzed with an oscilloscope (OSC) or an RF SA. For comparison, we test an ordinary remote electro-optic modulation link without any mitigation measure for polarization perturbation, as shown in Fig. 4(b) . The setup is almost the same as the test above except that an attenuator (Att.) replaces the PolM-based scrambler. The attenuator introduces the same insertion loss as the PolM-based scrambler. It can be seen that the link with PolM-based scrambler has a markedly clearer sinusoidal waveform than the ordinary link. However, the output amplitude (∼50 mV) is only half of the maximum amplitude (∼100 mV) from the ordinary link. This penalty is also predicted by (6) .
The spectra shown in Fig. 5(b) and (c) are obtained from the link with PolM-based scrambler. These spectra show that the power fluctuation of the received remote RF signal is only 0.6 dB, whereas it is 42 dB in the ordinary link, as shown in Fig. 5 (e) and (f). However, note again that the maximum power of −50.3 dBm in the polarization scrambled link is 5.9 dB less than the ordinary link with −44.4 dBm. Given measurement errors, this is consistent with the previous theory of the 6-dB power penalty.
It is worth noting that spurious signals such as f scr ± f RF appear around the scrambling signal in Fig. 5(b) and (c). In practical implementation, f RF should be less than half of the f scr to avoid ambiguous detection. According to the Nyquist criterion, the link's Instantaneous bandwidth (IBW) is also limited to half of the f scr . However, more spurious signals will rise up around the scrambling signal with large power RF signal, which could decrease the system's IBW. Measures such as increasing the scrambling frequency, using filters, limiting the RF power can be taken to avoid this effect. Fortunately, the scrambler that is based on state-of-the-art PolM can work at up to 40 GHz [17] . This allows the remote electro-optic modulation link to operate in a wide frequency range.
Remote Photonic RF Mixing With PolM-Based Scrambling
We also demonstrate polarization-insensitive remote photonic RF mixing with the PolM-based scrambler. As shown in Fig. 6 , a 2.7-GHz RF signal f RF with 15 dBm power at Site A is modulated onto the light before the polarization scrambler. The scrambler operates at the optimal scrambling depth with 20 GHz scrambling speed. After a 10-km SMF transmission to Site B, the modulated and scrambled light is photonically mixed with a remote LO f L O (2.5 GHz, 15 dBm) via an MZM. Finally, the mixed signals are photodetected by a PD and measured by an RF SA. It can be seen from Fig. 7 that spurious terms such as f scr ± f RF , f scr ± f L O , f scr ± f RF ± f L O appear around the scrambling signal. Thanks to the high operation frequency of PolM-based scrambler, all these spurious terms are far away from the wanted IF signal.
Conclusion
We investigate and demonstrate a PolM-based polarization scrambling method to address the polarization dependency issue in the structure of remote electro-optic modulation. The PolM-based polarization scrambling method has potential applications in the fiber-based distributed antenna system. Three experiments demonstrate that the optical or RF signal is stably transmitted over the fiber even under severe polarization perturbation. The perturbation suppression ability of the PolMbased scrambler is tested. A 500-MHz polarization perturbation and its second-order harmonic are significantly suppressed by more than 40 dB. By contrast, the commercial polarization tracker can only work within 90 Hz while introducing large-intensity noise. In the demonstration of polarizationinsensitive remote electro-optic modulation link with the PolM-based scrambler, the polarizationdependent power fluctuation of the transmitted RF is stabilized within 0.6 dB compared with 42 dB with the ordinary link. When applied to remote photonic RF mixing, the PolM-based scrambler also maintains the power fluctuation of the converted IF signal within 0.9 dB.
